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The invention relates to a method for improving the mechani-
cal strength of a ceramic matrix composite material of the
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forming a fiber preform from 3" generation silicon carbide
fibers and (b) forming a ceramic matrix around the fiber
preform, this ceramic matrix comprising silicon carbide. The
method comprises a chemical etching treatment of the surface
of the fibers by bringing said fibers into contact with a solu-
tion comprising an oxidizer, this treatment being carried out
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1
METHOD FOR ENHANCING THE
MECHANICAL STRENGTH OF AN SIC/SIC
CERAMIC MATRIX COMPOSITE MATERIAL

TECHNICAL FIELD

The present invention relates to the field of ceramic matrix
composite materials (CMC materials) of the SiC/SiC type.

More specifically, it relates to a method allowing improve-
ment of mechanical strength of ceramic matrix composite
materials (CMC materials) of the SiC/SiC type.

The method according to the invention has many applica-
tions and may in particular be used for making SiC/SiC com-
posites intended for high temperature applications, such as
for example the making of fuel claddings or hexagonal tubes
for nuclear reactors, in the aeronautics (making of nozzles,
turbine blades, flaps and hot parts of jet engines), for making
heat exchangers, high temperature gas turbines, etc. . . . .

STATE OF THE PRIOR ART

Within the scope of the present invention, emphasis is laid
on SiC/SiC composites, and in particular on SiC/SiC com-
posites which are made from so-called 3" generation SiC
fibers.

3 generation SiC fibers are high purity fibers; indeed they
contain very little oxygen and have a very small excess of free
carbon (second phase). 3" generation SiC fibers are some-
times described as <<stoichiometric>> fibers. However, this
term is misleading since 3" generation SiC fibers are actually
never perfectly stoichiometric. Indeed all the silicon is bound
to the carbon in the form of SiC, but there always exists an
excess of carbon not bound to silicon: this is free carbon. The
second phase mentioned above designates the carbon atom
not bound to a silicon atom.

As an example, the ratio, in atomic percent, of the carbon
atoms over the silicon atoms is 1.07 for Hi-Nicalon S fibers
and 1.03 (at the surface) and 1.19 (in the fiber core) for
Tyranno SA3 fibers (source: document [1]).

The use of 3"/ generation SiC fibers is of particular interest
for making SiC/SiC composites intended for high tempera-
ture applications. Indeed the SiC/SiC composites made from
3¢ generation SiC fibers have a significant benefit in terms of
high temperature mechanical robustness, in particular as
compared with composites made from fibers of the previous
generations (1°* and 2”¢ generation) (source: document [2]).

Moreover, the use of this type of fiber reinforcements of the
3’7 generation is even indispensable for making SiC/SiC
composites which may be used within the scope of nuclear
applications (source: document [3]).

However, at the present time, it is found that from among
the three commercially available 3™ generation SiC fibers,
only two types of fibers are compatible in terms of composi-
tion with nuclear applications. These are the Hi-Nicalon S
fibers (made by Nippon Carbon Co.) and the Tyranno SA3
fibers (made by UBE industry Ltd.).

The characteristics of both of these fibers are gathered in
Table 1 below (source: document [1]).

TABLE 1
DATA Hi-Nicalon S Tyranno SA3
Density (g- cm™) 2.95 3.01
Number of fibers per thread 500 1600 or 800
Average diameter (um) 13 7 or 10
Fiber modulus (GPa) 375 385
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TABLE 1-continued
DATA Hi-Nicalon S Tyranno SA3
Thread modulus (GPa) 319 312
Thread breakage stress (MPa) 2480 2410
Thread breakage deformation (%) 0.73 0.68
Heat conductivity at 25° C. (W -m™' - K™} 18 65
Grain size obtained by:
X ray diffraction 20 60-70
Transmission electron microscopy 10-50 50-400
C/Si chemical composition (atomic %) 1.07  1.03 (surface)

1.19 (core)

As this may be seen, except for a heat conductivity differ-
ence and different grain size, both of these fibers have similar
characteristics.

The chemical composition of the extreme surface is also
itself similar for both fibers, i.e. the close surface mainly
consists of carbon as shown in Table 2 below (source: docu-
ment [4]).

TABLE 2
Type of fiber C, (at. %) Oy, (at. %) Siy,, (at. %)
Hi Nicalon S 83.9 5.6 10.6
Tyranno SA3 84.3 4.1 11.6

By studying the time-dependent change in the chemical
composition according to the depth of a Hi-Nicalon S fiber
(FIG.1a) and of a Tyranno SA3 fiber (FIG. 1), it is seen that
that the carbonaceous phase, a majority at the extreme sur-
face, is present on about the first twenty nanometers of the
fibers (from the surface to the core). It is recalled that an
extreme surface corresponds to the first ten nanometers of a
fiber (from the surface to the core).

Now, it is found that, although both of these fibers are
relatively similar, the composite materials obtained from
these two types of fibers have very different mechanical
strengths. Indeed, while by making composites from
Hi-Nicalon S reinforcements, it is possible to obtain materials
having optimum mechanical behavior with high ductility, the
making of Tyranno SA3 reinforcement composites, as for it,
leads to a fragile material with low ductility.

For example, although deformations of more than 0.5% are
conventionally obtained for SiC/SiC composites with Hi-
Nicalon S reinforcements, SiC/SiC composites reinforced
with Tyranno SA3 fibers never exhibit breakage deformations
of more than 0.3%. This is illustrated in FIG. 2 which shows
the tensile mechanical behavior of plates, the reinforcement
of which results from 2.50 weaving performed with Tyranno
SA3 fibers for one (curve a) and with Hi-Nicalon S fibers for
the other one (curve b).

This is a penalty since the Tyranno SA3 fiber has interest-
ing advantages relatively to the Hi-Nicalon S fiber.

Indeed, the Tyranno SA3 fiber has a lower manufacturing
cost (about 7,500 € /kg) than that of the Hi-Nicalon S fiber
(about 11,000 € /kg).

Furthermore, the Tyranno SA3 fiber has better resistance to
oxidation at a high temperature (T>600° C.).

Finally, the Tyranno SA3 fiber has better heat conductivity
than the Hi-Nicalon S fiber (65 versus 18 W/m/K) and this
heat conductivity difference may be preponderant for a heat
transfer application such as nuclear fuel cladding for
example.

The inventors therefore sought to identify the origin of this
difference in the mechanical strength between CMC materi-
als with Tyranno SA3 fibers and CMC materials with Hi-
Nicalon S fibers.
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Thus during their investigations (document [4]), the inven-
tors noticed that Tyranno SA3 fibers have surface roughness
which is three times greater than that of Hi-Nicalon S fibers
(12 nm versus 4 nm); on the other hand, they also noticed that
the surface of the Tyranno SA3 fibers mainly consists of
carbon and to a lesser extent, of SiC, with a negligible fraction
of Si0,, while the SiO, fraction is greater at the surface of the
Hi-Nicalon S fibers, this difference in surface chemistry
being related to different embodiments used during the mak-
ing of both of these types of fibers.

The inventors inferred therefrom that the strength of the
interface bond between the fibers and the matrix in a SiC/SiC
material is controlled by the surface roughness and by the
surface chemistry of SiC fibers. In the end, they reached the
conclusion according to which the improvement in the
mechanical strength of a composite material reinforced with
Tyranno SA3 fibers should require a decrease in the surface
roughness and/or a modification of the surface chemistry of
the fibers.

However, if the surface chemistry of the fibers is modified,
there is a risk of deteriorating the performances of these
fibers; as for modifying the surface roughness of the fibers,
although it is known how to increase the surface roughness of
an SiC fiber, for example by proceeding with chemical etch-
ing of the Murakami type (mixture of 40 g of water, 6 g of
soda and 8 g of potassium ferricyanide) (source: document
[5]), it is not known how to proceed for reducing the surface
roughness of an SiC fiber.

DISCUSSION OF THE INVENTION

The present invention precisely gives the possibility of
reducing the surface roughness of 3’ generation SiC fibers,
preferably Tyranno SA3 fibers, and of thus managing to
improve the mechanical strength of composite materials with
SiC fibers.

For this purpose, the invention proposes improvements in
the mechanical strength of a ceramic matrix composite mate-
rial reinforced with 3"“ generation SiC fibers by applying to
said fibers, before the formation of the composite material, a
treatment with which it is possible to reduce the surface
roughness of the fibers. By using the method according to
invention, it is for example possible to obtain an SiC/SiC
material from treated Tyranno SA3 fibers having a mechani-
cal strength equivalent to that of a SiC/SiC material rein-
forced with non-treated Hi-Nicalon S fibers, the method
according to the invention giving the possibility in this spe-
cific case of reducing the surface roughness of Tyranno SA3
fibers to a level similar to the one of Hi-Nicalon S fibers.

The important step of the manufacturing method according
to the invention is based on chemical etching, by means of an
agent oxidizing carbon, of the surface of the 3’7 generation
SiC fibers intended to enter the composition of a composite
material with a SiC/SiC ceramic matrix. Indeed, within the
scope of their investigations, the inventors noticed surpris-
ingly that by subjecting 3" generation SiC fibers to a chemi-
cal treatments by bringing these fibers in contact with a solu-
tion comprising an oxidizer, the surface roughness of these
fibers managed to be reduced; the thereby treated fibers, when
they are introduced into a SiC/SiC composite material, allow
improvement in the mechanical strength of the thereby
obtained SiC/SiC composite material. In fact, it would seem
that the carbon oxidizing agent chemically etches a portion of
the carbonaceous phase located on the extreme surface of the
silicon carbide fibers.

The object of the invention is therefore a method for
improving the mechanical strength of'a ceramic matrix com-
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4

posite material of the SiC/SiC type, this material being
obtained by (a) forming a fiber preform from 3’“ generation
silicon carbide fibers and (b) forming a ceramic matrix
around the fiber preform, said ceramic matrix comprising
silicon carbide, which method comprises a chemical etching
treatment at the surface of the fibers by bringing said fibers in
contact with a solution comprising an oxidizer, this treatment
being carried out before step (a) or between steps (a) and (b).

The fibers obtained at the end of the treatment step are less
rough at the surface than untreated fibers. Thus, by using
these treated fibers for making a SiC/SiC composite, the
mechanical strength of the SiC/SiC composite is improved. In
fact, an improvement in the mechanical strength of the SiC/
SiC composite requires an increase in the breakage deforma-
tion of the composite.

At the present time, the commercially available 3" genera-
tion SiC fibers include a larger carbon content at the surface
than in the core of the fibers, like this is for example the case
of Tyranno SA3 and Hi-Nicalon S fibers (see for example
FIGS. 1a and 15). Schematically, it may be considered that
the fibers have a core and a peripheral area, the carbon content
being greater in the peripheral area than in the core.

Preferably, the fibers before and after the chemical etching
treatment include a carbon content which is greater at the
periphery of the fibers than in the core of the fibers. To do this,
chemical etching is stopped before it attains the core of the
fibers in order not to remove the entirety of the carbon layer at
the extreme surface of the fibers. Indeed, this carbon layer
represents an asset for chemical adhesion between the fiber
and the carbonaceous interphase during the formation of the
SiC/SiC material (it is recalled that an SiC/SiC material is
formed with a preform in 3" generation silicon carbide fibers,
with a silicon carbide matrix and a carbonaceous interphase,
located between the fibers and the matrix). Thus only a por-
tion of the thickness of the peripheral area of the carbon-rich
fibers is etched and finally the surface roughness of the fibers
is reduced while preserving a carbonaceous phase in majority
at the extreme surface of the fibers.

Finally, by means of the method according to the invention,
it is possible to improve the mechanical behavior of a ceramic
matrix composite made from fiber reinforcements having a
close carbonaceous surface and a strong surface roughness,
like for example the Tyranno SA-3 fibers.

In the present state of their investigations, the inventors
assume that the chemical etching of the carbon present at the
extreme surface of the fibers with a solution comprising an
oxidizer would directly cause formation of carbon dioxide.
More particularly, the bringing of the oxidizing chemical
agent into contact with the carbon of the fibers would form a
carbonaceous gas chemical species: carbon dioxide, carbon
monoxide or other.

As a technique for forming a CMC material is well known
to one skilled in the art, it is not described here. We shall
simply recall that the formation of the fiber preform is gen-
erally obtained by entanglement of the fibers with each other
(more specifically, this is intertwining of the threads with
each other, one thread consisting of a set of fibers); as for the
formation of the interphase and of the matrix, they are gen-
erally obtained by densification of the fiber preform by pro-
ceeding with chemical vapor deposition or infiltration (CVD
or CVI).

As regards the intertwining of the threads for forming the
fiber preform, this may be for example braiding, weaving or
knitting of the threads with each other.

Preferably, the oxidizing treatment of the fibers is followed
by one or several operations for washing the fibers (crude
fibers or shaped into a fiber preform), and then by one or
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several operations for drying said fibers. These operations
may be carried out according to the conventionally used pro-
cedures as regards washing and drying of fibers. For example,
chemically treated fibers may be rinsed with distilled water
and then with acetone for 15 minutes with the ultrasonic
waves so as to be finally dried.

According to a preferred embodiment of the invention, the
bringing of the fibers into contact with the solution is obtained
by immersion of the fibers in the solution. When they are put
into contact with a solution, the fibers may be crude or shaped
(fiber preform).

Advantageously, the oxidizer which is used is selected
from carbonates of an alkaline metal such as for example
sodium or potassium, carbonates of an earth alkaline metal
such as for example calcium or magnesium, peroxides, for
example a hydrogen peroxide, hypochlorites of an alkaline
metal, for example sodium or potassium, hypochlorites of an
earth alkaline metal, for example calcium or magnesium,
oxidizing acids, for example nitric acid HNOj, chloric acid
HCIO;, chromic acid H,CrO,, sulfuric acid H,SO,, and per-
manganates of an alkaline metal, for example sodium or
potassium, or of an earth alkaline metal.

In fact, selection of the oxidizer is made from oxidizer
capable of preferentially etching carbon.

Once the oxidizer is selected, the concentration of this
oxidizer may be adapted according to time/volume/mass fac-
tors of the fibers to be treated. In any case, it is within the
normal skills of a skilled practitioner of being able to deter-
mine, depending on the selected oxidizer, how to adapt the
time/volume/mass factors of the fibers to be treated in order to
obtain the desired surface roughness.

According to a preferred embodiment, the oxidizing solu-
tion is selected from a 15% by volume hydrogen peroxide
(H,0,) solution, a sodium carbonate (Na,CO;) solution with
a concentration of 1M and a 65% by volume nitric acid
(HNO,) solution.

Among all the treatments proposed above, a treatment on
the basis of Na,COj is the most interesting from an industrial
viewpoint, since it does not have any toxicity (it is even a food
additive).

The use of a diluted H,O, solution is also of interest, since
it only has very small safety constraints related to its indus-
trial use. Further it also has a low cost.

Preferably, the chemical etching treatment step further
comprises the application of ultrasonic waves to the solution
comprising an oxidizer, during the contacting of the fibers
(crude fibers or fiber preform) with a solution. The applica-
tion of ultrasonic waves will allow better diffusion of the
oxidizer at the surface of the fibers and thus promotes homog-
enization of the chemical etching by oxidation of the surface
of the fibers.

Preferably, the method further comprises desizing of the
silicon carbide fibers before the chemical etching treatment,
the desizing being carried out before step (a) or between steps
(a) and (b). Indeed it is preferable, if the fibers have a sizing
layer, to remove it before immersion of the fibers in the
chemical solution. As a reminder, the sizing consists of a
polymer layer being applied by the manufacturer on the fibers
during the manufacturing of the threads in order to facilitate
the shaping operations on the threads (weaving, braiding . . . ).
However, the presence of this polymer may reduce or even
cancel the efficiency of the chemical treatment, which justi-
fies its preliminary removal.

Techniques for desizing fibers are known to one skilled in
the art. To carry out this desizing, we may for example per-
form a heat treatment at about 900° C. under an inert atmo-
sphere for one hour, in order to burn the sizing polymer, but
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6

any other treatment known to one skilled in the art having the
effect of removing the sizing polymer may be applied (chemi-
cal treatment, flash heat treatment in air, etc. . . . ).

Advantageously, the silicon carbide fibers are fibers
obtained by thermal decomposition and sintering of a
Si—Al—C—O precursor. Preferably, the fibers are 3"/ gen-
eration silicon carbide fibers commercially available under
the reference of Tyranno SA3. However it may be noted that
any other SiC fiber having a carbonaceous layer at the surface
may undergo the same treatment.

The invention will be better understood and other advan-
tages and particularities will become apparent upon reading
the description which follows, given as a non-limiting
example, accompanied by the appended figures.

SHORT DESCRIPTION OF THE FIGURES

FIGS. 1a and 15, already mentioned above, respectively
illustrate the time-dependent change in the chemical compo-
sition according to the depth of a Hi-Nicalon S fiber (FIG. 1a)
and a Tyranno SA3 fiber (FIG. 15).

FIG. 2, already mentioned above, represents the mechani-
cal tensile behavior of a 2.5D woven SiC/SiC composite of
the plate type with Tyranno SA3 reinforcements, on the one
hand (curve a), and with Hi-Nicalon S reinforcements, on the
other hand (curve b).

FIGS. 3a and 3b respectively illustrate an AFM image of
the surface of a Tyranno SA3 fiber before (FIG. 3a) and after
(FIG. 3b) being subject to a Na,COj treatment (C=1M) for
600 minutes and for a mass/volume ratio of 50 under ultra-
sonic waves according to a particular embodiment of the
method according to the invention.

FIGS. 4a and 45 are graphs obtained by X-ray photoelec-
tron spectroscopy (XPS), which show the chemical compo-
sition of the extreme surface of the Tyranno SA3 fiber before
(FIG. 4a) and after (FIG. 4b) being subject to an Na,CO,
treatment (C=1M) for 600 minutes and for a ratio R=mass/
volume of 50 under ultrasonic waves according to a particular
embodiment of the method of the invention.

FIGS. 5a and 55 illustrate the mechanical tensile behavior
of'the Tyranno SA3 fiber before (FI1G. 5a) and after (FIG. 56)
being subject to a Na,CO; treatment (C=1M) for 600 minutes
and for a mass/volume ratio of 50 under ultrasonic waves
according to a particular embodiment of the method accord-
ing to the invention.

FIG. 6 illustrates the mechanical tensile behavior of an
SiC/SiC composite of the 2.5D woven type with crude Tyr-
anno SA3 reinforcements (curve a), with a Tyranno SA3
reinforcement treated with an H,O, solution with a ratio R=5
for 900 minutes (curve b) and with a Tyranno SA3 reinforce-
ment treated with an H,O, solution with a ratio R=5 for 1,500
minutes (curve c).

DETAILED DISCUSSION OF PARTICULAR
EMBODIMENTS

In the examples below, we decided to work with Tyranno
SA3 fibers having an average diameter of 10 um and we
treated them by immersion in a sodium carbonate (Na,CO;)
solution with a concentration of 1M, a 15% by volume solu-
tion of hydrogen peroxide (H,O,) and a 65% by volume
solution of nitric acid.

In each of the examples, each surface roughness was deter-
mined by atomic force microscopy (AFM) on four randomly
sampled fibers in a batch of treated fibers.
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On each of these four fibers, 25 images of 600 nm by 600
nm were produced in order to limit the uncertainty of the
measurement.

In order to quantify the surface roughness for each treated
fiber, we used the average of the standard deviations of the
heights measured relatively to the average plane on the rel-
evant surface (Ry,,s). The Ry, < is directly computed with the
software controlling the AFM. Thus, the roughness values
which are given here correspond to the values of the Ry, .

EXAMPLE 1

In this exemplary embodiment, Tyranno SA3 SiC fibers are
treated by using an oxidizing solution based on anhydrous
sodium carbonate (Na,CO;) concentrated to 1M.

Once the oxidizing solution has been selected, the concen-
tration of this oxidizing solution may be adapted according to
time/volume/mass factors of fibers to be treated. In this
example, the concentration and volume factors of the oxidiz-
ing solution with Na,CO; were respectively set to 1M and to
4 ml.

The results of a treatment of the Na,CO; (C=1M) type for
one hour on Tyranno SA3 fibers having an average diameter
0f'10 um are shown in Table 4 hereafter. In this table, the time
dependent change in the surface roughness may be seen ver-
sus the mass of Tyranno SA3 fibers treated by means of an
Na,CO;(C=1M) treatment for 1 h.

TABLE 4
Mass of fibers (mg) 2000 20 2
R (mg/ml) 500 5 0.5
Surface roughness (nm) 9.7 6.6 5.9

As areminder, the initial roughness of a Tyranno SA3 fiber
with an average diameter of 10 pm is 12 nm.

The Na,CO; (C=1M) treatment on 2 mg of Tyranno SA3
fibers gives the possibility of obtaining a roughness of 5.9 nm,
while a roughness 0f 9.7 nm is obtained on 2,000 mg of fibers.

These results show that the reduction in the amount of
fibers in a same volume of oxidizing solution causes a reduc-
tion in the surface roughness of the fibers.

The mass of fibers/volume of oxidizing solution ratio
(noted as R) is therefore a discriminating parameter for
proper efficiency of the treatment.

Thus it is seen that for a treatment of the Na,CO, (C=1M)
type for one hour on Tyranno SA3 fibers, the efficiency of the
treatment is optimum for a mass/volume ratio of 0.5 mg/ml.

In order to check whether this mass/volume ratio is a dis-
criminating factor regardless of the amount of treated fibers,
we also conducted a test for a 100 times greater mass of fiber
by adapting the volume of oxidizing solution in order to keep
this ratio constant while keeping a concentration (1M) and a
constant treatment duration (1 h).

The results of the time-dependent change in the surface
roughness according to the (mass of Tyranno SA3 fiber)/
(volume of oxidizing solution) ratio for a Na,CO; (C=1M)
treatment for 1 h are gathered in Table 5 below.

TABLE 5
Mass of fibers (mg) 2 200
Solution volume (ml) 4 400
R (mg/ml) 0.5 0.5
Surface roughness (nm) 5.9 5.9
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The results of Table 5 show that the mass of fibers may be
adapted according to the volume of the oxidizing solution and
vice versa.

The ratio R (mass of fiber/volume of oxidizing solution) is
therefore discriminating for a constant treatment time.

In order to check the influence of the treatment temperature
on the surface roughness of Tyranno SA3 fibers, we con-
ducted an experiment at room temperature and at the boiling
temperature of the Na,COj solution (1M) for a mass/volume
ratio=0.5.

The time-dependent change and the surface roughness ver-
sus temperature of a Na,CO; (C=1M) treatment for 1 h is
noted in the Table 6 below.

TABLE 6

Treatment temperature on 2 mg of fibers 25 100

cec)
Surface roughness (nm)

5.9 5.8

It is thus seen that the temperature of the treatment has no
influence on the surface roughness of Tyranno SA3 fibers.
The temperature is therefore not a discriminating factor for
this solution.

The surface roughness of Tyranno SA3 fibers may be opti-
mized by placing the system (solution and fibers) under ultra-
sonic waves.

The results of the time-dependent change of the surface
roughness with or without application of ultrasound for 60
minutes on 20 mg of fibers for a Na,CO, (C=1M) treatment
are gathered in Table 7 below.

TABLE 7
Treatment without Treatment with
ultrasound ultrasound
Surface roughness 6.6 6.3

(nm)

Table 7 thus shows that the treatment for a mass/volume
ratio equal to 5 for 1 h under ultrasonic waves gives the
possibility of further reducing the surface roughness. The
ultrasonic waves also give the possibility of obtaining better
homogeneity of the chemical treatment on the surface rough-
ness of Tyranno SA3 fibers.

The effect of the ultrasonic waves may be more or less
visible depending on the treatment used. This effect is actu-
ally much more visible on the two other types of tested oxi-
dizing treatments, which will be addressed later on.

The treatment may further be optimized by adding this
time, the time factor coupled with the ultrasonic waves.

The results of the time-dependent change of the surface
roughness versus the Na,CO; (C=1M) treatment time with
application of ultrasonic waves are gathered in Table 8 below.

TABLE 8

60
6.3

600
5.4

Treatment time on 20 mg of fibers (mins)
Surface roughness (nm)

Table 8 shows that the surface roughness of Tyranno SA3
fibers may be reduced if the treatment time of the fibers in an
oxidizing solution of Na,CO; (C=1M) is multiplied by 10
(600 mins versus 60 mins) for a mass/volume ratio equalto 5
with ultrasonic waves.

As a conclusion, the following parameters—mass of fibers
to be treated, selection of the oxidizing solution, volume and
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concentration of the oxidizing solution, treatment time—may
be optimized in order to reduce the surface roughness of a
Tyranno SA3 fiber.

Thus, the efficiency range of a Na,COj; treatment (C=1M)
for a treatment duration of one hour is valid for a ratio R<=500,
but this treatment will be also efficient if the treatment time is
modified by a factor 10 for a ratio R<5,000.

We carried out a Na,CO, (C=1M) treatment with a ratio
R=50 for 600 mins with ultrasonic waves on Tyranno SA3
fibers. FIGS. 3a and 35 are AFM images of a surface of a
Tyranno SA3 fiber before (FI1G. 3a) and after (FIG. 35) such
a Na,CO; (C=1M) treatment. It is seen that with such a
treatment, an optimum roughness of 4.3 nm is obtained.

We performed a comparison of the chemical composition
of the extreme surface with XPS of such a fiber before (FIG.
4a) and after (FIG. 45) this Na,CO; (C=1M) treatment.

We also performed a comparison of the chemical compo-
sition of the extreme surface of Tyranno SA3 fibers before
treatment and after Na,CO; treatment (C=1M). The results
are gathered in Table 9 below.

TABLE 9

Chemical elements present at the surface

(atomic %) C(1s) O(1s) Si(2p)

84.3
77.1

4.1
7.8

11.6
15.01

Untreated Tyranno SA3 fiber
Treated Tyranno SA3 fiber

To finish, we performed a comparison of the mechanical
behaviors of Tyranno SA3 fibers before treatment (FIG. 5a)
and after Na,CO; (C=1M) treatment (FIG. 55).

By studying these results, it is seen that by carrying out a
Na,CO, (C=1M) treatment with R=50 for 600 mins under
ultrasonic waves, an optimum roughness of 4.3 nm is
obtained (FIG. 3b) without modifying the surface chemistry
(Table 9 and FIG. 4b) and without deteriorating the chemical
properties of the fibers (FIG. 55).

The procedure explained above for defining the optimum
conditions in the case of a chemical treatment by an oxidizing
Na,CO; (C=1M) solution may be adapted to other chemical
treatments with oxidizing solutions such as hydrogen perox-
ide, nitric acid, chromic acid (chromium trioxide), calcium
hypochlorite, sodium or potassium permanganate, carbamide
peroxide, etc. . . ..

EXAMPLE 2

On the same principle as in Example 1 above, Tyranno SA3
fibers undergo a 15% H,O, treatment for 60 mins.

It is thus seen that the efficiency range of a 15% H,O,
treatment for 60 mins is valid for a ratio R=<5,000.

This treatment is also efficient if the treatment time is
multiplied by 10 for a ratio R<50,000.

The optimum efficiency of this treatment is obtained for
R=5 for 600 minutes under ultrasonic waves. The roughness
which is then obtained is 3 nm.

EXAMPLE 3

On the same principle as in Example 1, Tyranno SA3 fibers
are subject to a HNO, (65%) treatment for 180 mins.

It is seen that the HNO; (65%) treatment, as for it, is
efficient for any R<500 for 180 minutes.

This ratio may be multiplied by 10, when the treatment
time is also modified by a factor 10.
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The optimum treatment by using an HNO; (65%) solution
is valid for a duration of 1,800 mins and allows a roughness of
5.3 nm to be obtained for a ratio R=50.

As aconclusion, it is seen that the oxidizing treatment gives
the possibility of reducing the surface roughness of the Tyr-
anno SA3 fiber to a level similar to that of the Hi-Nicalon S
fiber without modifying the chemical properties of the
extreme surface of this fiber (i.e. preserving a carbonaceous
surface). Thus, it is possible to reduce the surface roughness
of 3" generation silicon carbide fibers without modifying the
chemistry of the extreme surface or even the mechanical
properties of these fibers.

These thereby treated fibers allow elaboration of compos-
ites having strong tolerance to damaging with a non-fragile
behavior. For example, the decrease in the surface roughness
of Tyranno SA3 fibers allows optimization of the tolerance to
deformation of SiC/SiC composites made with the thereby
treated fibers.

Thus, by proceeding with the reduction in the surface
roughness of 3’7 generation silicon carbide fibers, and in
particular of 3" generation Tyranno SA3 fibers, it is possible
to optimize the mechanical strength, and in particular the
tolerance to deformation, of composites with a ceramic
matrix made from such treated fibers, in particular SiC/SiC
composites.

In order to validate the method according to the invention,
two chemical treatments were carried out on 2.5D woven
preforms (mass=4 g). Both of these treatments were carried
out with hydrogen peroxide for a ratio R=5 for two different
times.

The first treatment for a time t, =900 minutes allows reduc-
tion in the roughness of the fibers to about 6 nm.

The second treatment for a time t,=1,500 minutes allows
reduction in the roughness of the fibers to about 4 nm.

Once these fabrics are treated, they were densified by CVI
(Chemical Vapor Infiltration) with formation of the SiC
matrix and of the interphase, located between the fibers and
the matrix.

Finally, we compared the mechanical behavior of a 2.5D
woven composite with crude Tyranno SA3 reinforcement
fibers (roughness ~12 nm) (curve a), of a 2.5D woven com-
posite with H,O,-treated Tyranno SA3 reinforcement fibers
for R=5 during 900 minutes (roughness ~6 nm) (curve b) and
of'a 2.5D woven composite with H,O,-treated Tyranno SA3
reinforcement fibers for R=5 during 1,500 minutes (rough-
ness ~4 nm) (curve c).

The obtained results are shown in FIG. 6. An improvement
in the deformation upon breakage of the SiC/SiC material
made from chemically treated SiC fibers having the lowest
roughness (curve c) is very clearly observed. The method
according to the invention therefore actually gives the possi-
bility of obtaining an SiC/SiC composite material having
better tolerance to deformation.
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The invention claimed is:

1. A method for improving the mechanical strength of a
ceramic matrix composite material of the SiC/SiC type, this
material being obtained by (a) forming a fiber preform from
3’7 generation silicon carbide fibers and (b) forming a ceramic
matrix around the fiber preform, said ceramic matrix com-
prising silicon carbide, which method comprises a chemical
etching treatment of the surface of the fibers by bringing said
fibers in contact with a solution comprising an oxidizer, this
treatment being carried out before step (a) or between steps
(a) and (b).

2. The method according to claim 1, wherein the fibers
before and after the chemical etching treatment include a
carbon content which is larger at the periphery of the fibers
than in the core of the fibers.

3. The method according to claim 1, wherein the bringing
of the fibers into contact with the solution is obtained by
immersion of the fibers in the solution.

4. The method according to claim 1, wherein the oxidizeris
selected from carbonates of an alkaline or earth alkaline

10

15

20

25

30

12

metal, peroxides, hypochlorites of an alkaline or earth alka-
line metal, oxidizing acids and permanganates of an alkaline
or earth alkaline metal.

5. The method according to claim 4, wherein the oxidizer is
selected from nitric acid, chloric acid, chromic acid, sulfuric
acid, calcium hypochlorite, magnesium hypochlorite, sodium
hypochlorite, potassium hypochlorite, sodium permangan-
ate, potassium permanganate, carbamide peroxide, hydrogen
peroxide, potassium carbonate, sodium carbonate, calcium
carbonate and magnesium carbonate.

6. The method according to claim 5, wherein the oxidizing
solution is selected from a 15% by volume solution of hydro-
gen peroxide, a sodium carbonate solution of concentration 1
M and a 65% by volume solution of nitric acid.

7. The method according to claim 1, wherein the chemical
etching treatment further comprises the application of ultra-
sonic waves to the solution comprising an oxidizer during the
bringing of the fibers into contact with the solution.

8. The method according to claim 1, further comprising
desizing of the silicon carbide fibers before the chemical
etching treatment, this desizing step being carried out before
step (a) or between the steps (a) and (b).

9. The method according to claim 1, wherein the silicon
carbide fibers are fibers obtained by thermal decomposition
and sintering of a Si—Al—C—O precursor.

10. The method according to claim 1, wherein the chemical
etching treatment removes a sufficient amount of silicon car-
bide to decrease a surface roughness of the silicon carbide
forming the 3" generation silicon carbide fibers from an
original surface roughness of the 3’ generation silicon car-
bide fibers that existed prior to the chemical etching treat-
ment.
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